Stress applied to or induced in the dams during pregnancy can have long-lasting effects on physical development, neurochemistry, behaviour, regulation of the hypothalamic-pituitary-adrenal axis and immunocompetence of the offspring (Palermo et al. 2001) . In most mammalian species including cattle heat stress has deleterious effects on physiological functions (Biggers et al. 1987) . Previous research involving prenatal manipulation and immune function in the offspring has focused on the effects of environmental toxins, dietary alterations and various pharmaceuticals (Silva et al. 1968 , Roberts & Chapman 1981 , Schmidt 1984 . Daily handling, anxiety, electric foot-shocks, restraint with or without bright lights and elevated temperatures, noise, crowding and other stressor stimuli applied to dams can cause these changes in their adult offspring (Ader & Plaut 1968 , Fride & Weinstock 1984 , 1989 , Harvey & Chevins 1985 , Sobrian 1988 , VonSaal et al. 1991 , Sobrian et al. 1992 , Klein & Rager 1995 , Silva & Palermo-Neto 1999 , Williams et al. 1999a . In contrast, power frequency alternating magnetic fields had no effect on reproduction and prenatal development of mice (Yasuyuki et al. 2002) . Similarly, no correlation between maternal toxicity and embryo/fetal toxicity has been observed (Chahoud et al. 1999) .
However, the effect of high temperature (i.e. 431C) on spermatogenesis has been known for many years and the most susceptible cells are thought to be pachytene spermatocytes and young spermatids. Single exposure of rat testes to 431C for 30 min causes a delayed secondary decrease in testis mass and number of spermatozoa probably due to an effect on spermatogonial renewal of the number of stem cells, or a delayed effect on the Sertoli cells (Setchell et al. 2002) . This delayed response was reduced by treating the animals at the time of heating with a gonadotrophin-releasing hormone (GnRh) agonist and an antiandrogen, a treatment that is known to reduce damage to the testis caused by radiation or cytotoxic drugs (Meistrich & Kangasniemi 1997 , Shetty et al. 2000 , Hild et al. 2001 . It is widely accepted that the developing embryo is particularly sensitive to toxic agents and stress during certain periods, when sensitive organ systems or types of cells are at risk (Selevan et al. 2000) . The effects of maternal stress on anxiety levels, macrophage activity and Ehrlich's tumour growth has also been studied. The observed data provide experimental evidence that maternal stress alters anxiety levels, macrophage activity and Ehrlich's tumour growth at the same time and in the same litter (Palermo et al. 2001) . This stress can have long-lasting effects on physical development of fetuses, pregnancy rate and pre-and postimplantation loss (Palermo et al. 2001) . Certain cytokines of macrophage origin, interleukin-1b (IL-1b), tumour necrosis factor-a (TNF-a) and interferon are suspected of causing pregnancy loss and miscarriage (Raghupathy 1997) . Transforming growth factor-b 2 (TGF-b 2 ) and TNF-a have been suggested as having a regulatory function in gene expression during organogenesis (Sharova et al. 2000) . Furthermore, a study to evaluate the possible involvement of a cytokine involved in pregnancy loss indicated that granulocytemacrophage colony-stimulating factor mediates the early stages of pregnancy loss via modulation of TNF-a and TGF-b 2 activity (Savion et al. 2002) . There are evidences suggesting that cytokines and growth factors acting in the 'mother-fetus axis' to maintain appropriate immune microenvironment for the embryo to develop, among these factors. Thus the course and outcome of pregnancy can be modulated by maternal immunity (Barrow 2003) , and we envisage that thermal stress in pregnant dams would alter the cytokine profile of the amniotic fluid as well as the reproductive performance. The present study has been conducted to determine the role of cytokines, especially TNF-a, in the reproductive performance of thermally stressed dams and identify the most susceptible phase of the gestational period.
Materials and methods

Animals
Randomly bred adult virgin female Swiss Albino mice (6-7 weeks old, body weight 18-20 g) delivered from NABL, India (National Accreditation Board for Testing and Calibration Laboratories, India) compliant Institutional Animal Facilities were used throughout the experiments. These female mice were mated with adult male Swiss mice and maintained under standard husbandry condition (temperature 22721C; relative humidity 50-55% and 12 h lightdark cycle). The duration of pregnancy in Swiss mice ranges between 21 and 22 days. The animals were fed a pellet diet (Dayal Industries Ltd, Barabanki, India) and water Laboratory Animals (2006) 40 ad libitum. The entire work has been done with permission from the Institutional Animal Ethics Committee affiliated to the Committee for the Purpose of Control and Supervision on Experiments on Animals (CPCSEA), India.
Experimental design
The different phases of prenatal period in mice was adopted from the European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC 1983) . The blastogenesisimplantation phase in mice spans from days 0-5 postconceptionem (p.c.); embryogenesis or organogenesis phase from days 6-15 p.c. and fetogenesis phase from days 16-20 p.c. One male Albino Swiss mouse (6-7 weeks old) was housed with two naïve nulliparous female mice (OECD 1993) . Mating was determined by the presence of a vaginal plug in the morning following cohabitation. The day on which mating was detected was designated as day 0 of gestation and pregnant females were transferred into other cages (Hendrickx & Houston 1970) . These pregnant mice were allocated randomly into different groups (n ¼ 14 in each group). Four groups of pregnant mice were subjected to thermal stress at 40721C during days 0-5, 6-15, 16-20 p.c. and full gestation period (days 0-20 p.c.) for 4 h/day. Pregnant mice without thermal stress represented the normothermic control group. Four dams subjected to thermal stress from days 0-5 p.c. were sacrificed on day 5 for the collection of amniotic fluids for cytokine evaluation. Similarly, four dams subjected to thermal stress from days 6-15 p.c. were sacrificed on day 15 and dams exposed to thermal stress on days 16-20 and 0-20 p.c. were sacrificed on day 20 for collection of amniotic fluids and evaluation of cytokine profile. Reproductive performance in terms of mean number of corpora lutea, mean number of implantation sites, gestational index, preand postimplantation loss, and live fetuses as percentage of total implantation were evaluated on day 20 in the remaining 10 dams of each group following the guidelines laid down in the CRC Hand Book of Toxicology (Ecobichon 1995) . Thermal stress was induced by housing the dams for 4 h/day in a room with window air conditioner fitted with a heating device (Fedders Lloyd, India). A digital thermo-hygro clock AH/MC/04 monitored the room temperature and relative humidity and an electronic digital thermometer (Model #KD204A, Taiwan) was used for recording the rectal temperature of thermally stressed dams and normothermic dams.
Collection of amniotic fluid
Dams were sacrificed and placed on their back to expose the abdomen. The abdomen was cleaned with 70% ethanol and a midline incision was made in the lower abdomen to expose the two tubular uterine horns. A sterile syringe fitted with a 22G needle is carefully pricked/inserted horizontally through the uterine walls of each lobule and amniotic fluid aspirated, pooled and centrifuged (2000 rpm, 5 min). The supernatants were used for cytokine analysis. Improper insertion of needle may lead to blood contamination in the amniotic fluid. Such samples are not included in the study.
Effect of recombinant TNF-a (rTNF-a) and anti-TNF-a antibody on the live litter size
To study the effect of TNF-a in pregnant mice, dams (n ¼ 3 for each dose) were administered rTNF-a (Baculovirusexpressed, Pharmingen) at a concentration of 1 and 0.5 ng/0.5 mL/mice intraperitoneally (i.p.) on day 6 or 1 ng/mice on days 0 or 16 and housed in a normothermic environment (22721C) throughout the gestation period. Dams (n ¼ 3) receiving 0.5 mL of saline i.p. represented the sham control group. Other groups of mice (n ¼ 3 per each dose) were administered anti-TNF-a antibody (antimouse TNF-a monoclonal antibody, Pharmingen) at a concentration of 10 and 5 mg/0.5 mL/mice i.p. on day 6; or 10 mg/0.5 mL/mice i.p on days 0 or 16 and subjected to thermal stress daily for 4 h from days 6-15, 0-5 and 16-20 p.c., respectively. The number of live pups born after the gestation period was counted. Administration of rTNF-a and anti-TNF-a antibody through the i.p. route in pregnant mice was performed by inserting a syringe fitted with a 24G needle by gently lifting the peritoneum and pricking horizontally at the middle of the midline region of the abdomen. Free movement of the needle sideways at an angle of 301 ensured successful injection without pricking any organs inside the peritoneum.
Analysis of cytokines in amniotic fluid
The cytokine profile in the amniotic fluid was studied by solid phase sandwich ELISA technique. ELISA kit (R&D System, USA) was utilized for the evaluation of IL-1b, interferon-g (IFN-g) and TNF-a in the amniotic fluid following the procedural detail given in the technical brochure of R&D. A brief description of the protocol is published elsewhere (Paul et al. 2002 , Sirish Kumar et al. 2003 .
Results
Rectal temperatures of thermally stressed dams and normothermic dams were monitored and found to be 99.3370.351F (mean7SE) and 97.7870.371F, respectively indicating a rise in the rectal temperature of thermally stressed dams by >1.51F in comparison with normothermic dams.
Prenatal changes in thermally stressed dams Live or dead implants were diagnosed based on the observations of Bateman (1977) . A live implant appears as a pink and translucent fetus of relatively large size with a clearly visible placenta under a hand lens. An early death is distinguished as a relatively small discrete round black/dark brown mass. The size of mole is constant from day 10 to parturition. The late death fetus looks pale or white (due to haemopoietic failure) and is generally slightly smaller than the live implant. Uterine examination of dams subjected to hyperthermia on days 6-15 p.c. showed a significant (Po0.05) reduction in the number of live implants/fetus, gestational index and total implantation sites (Table 1) in comparison with dams housed in a normothermal environment. Similarly, there were significantly increased pre-and postimplantation losses in dams subjected to hyperthermia between days 6-15 p.c. in comparison with dams exposed to normothermia (Table 1 ). The mean number of corpora lutea was found to be almost equal in all groups (Table 1) indicating a normal reproductive competence of the dams. Pre-and postimplantation losses were maximum (25% and 23%, respectively) in dams subjected to hyperthermia between days 6 and 15 p.c. in comparison with dams housed in a normothermal environment and dams exposed to thermal stress on days 0-5, 16-20 and 0-20 p.c. (Table 1) . ; one way analysis of variance was performed to find out significant differences in mean values of the parameters at different time points using SYSTAT 9.0 software after ascertaining the homogeneity of variance between the different groups. Post hoc analysis was done to compare pairwise the means of different exposure time periods using Dunnett's testing procedure (Zar 1984) Effect of hyperthermia on cytokine profile in amniotic fluid TNF-a in the amniotic fluid of normothermic dams was found to be p23 pg/mL. Dams thermally stressed during days 0-5 and 6-15 p.c. displayed elevated levels of TNF-a in the amniotic fluid in comparison with dams thermally stressed during days 16-20 p.c. and normothermic dams (Table 2) . However, maximum level of TNF-a was observed in the amniotic fluids of dams subjected to thermal stress between days 6 and 15 p.c. Thermally stressed dams during days 16-20 p.c. showed TNF-a levels similar to the dams housed in a normothermic environment. IL-1b level followed a similar pattern as TNF-a but IFN-g was unaffected to thermal stress in all the phases of gestation. TNF-a level in dams exposed to thermal stress throughout the gestation period (days 0-20 p.c.) was similar to dams exposed to thermal stress during the fetogenesis period and dams in the normothermic group.
Effect of exogenous rTNF-a and anti-TNF-a antibody on litter size
Administration of rTNF-a in doses of 1 ng/ mice and 0.5 ng/mice on day 6 p.c. in dams housed in a normothermic condition yielded a low litter size in comparison with untreated normothermic dams and dams treated with 1 ng rTNF-a on day 0 p.c. (Table 3 ). 1 ng of rTNF-a per dam on days 0 or 16 p.c. showed marginal alteration in the litter size in comparison with untreated normothermic dams.
Administration of anti-TNF-a antibody (10 or 5 mg/mice) on day 6 p.c. in dams subjected to thermal stress during days 6-15 p.c. marginally increased the litters size than untreated thermally stressed dams. Administration of anti-TNF-a antibody (10 mg/mice) on day 0 p.c. in dams subjected to thermal stress during days 0-5 p.c. yielded a litter size similar to dams stressed during days 6-15 p.c. and normothermic dams. Anti-TNF-a antibody administered on day 16 p.c. in thermally stressed dam between days 16 and 20 p.c. had no effect on the litter size in comparison with normothermic dams.
Discussion
In the present investigation we tried to find out the mechanism whereby thermal stress may alter the reproductive performance and establish whether differential cytokine protein expression in the amniotic fluid correlates at different stages of pregnancy. Our findings suggest that dams are highly susceptible to thermal stress during the embryogenesis or organogenesis phase (i.e. days 6-15 p.c.) in terms of reproductive performance and TNF-a and IL-1b expression in the amniotic fluid. Interestingly, the level of proinflammatory cytokines in the amniotic fluid increases when the reproductive performance in terms of live fetus number decreases. Reduced litter size following exogenous administration of rTNF-a in normothermic dams or increased litter size upon treatment with anti-TNF-a antibody in thermally stressed dams during Ã Figures in parenthesis represents rank sum. Data of cytokine levels in unstressed and in different thermally stressed groups were not normally distributed and the variations were heterogeneous between the treatment groups. Hence non-parametric Kruskal-Wallis one way analysis of variance was adopted to find out the significant difference in the cytokine levels of different treatment groups using SYSTAT 9.0 software. Since Kruskal-Wallis test statistics was found to be significant, post hoc analysis for pairwise comparison similar to Tukey test was performed where rank sums were used for comparison instead of means (Zar 1984) w Significant (Po0.001) with respect to unstressed normothermic dams z Significant (Po0.001) with respect to thermally stressed dams on days 6-15 p.c. IFN-g levels in the amniotic fluids of all the groups were found p18.8 pg/mL and not included in the table the embryogenesis/organogenesis phase reaffirms the role of cytokines, especially TNF-a, in regulating the reproductive output of thermally stressed dams. Although embryogenesis is highly susceptible to thermal stress, conflicting results were observed when dams are thermally stressed throughout the gestation period. The reproductive performances of dams subjected to thermal stress during the entire gestation period were similar to that of normothermic dams. This is interesting and suggests that dams exposed to thermal stress from the day of pregnancy seems to develop some adaptive mechanism that prevents both pre-and postimplantation loss. Alternatively, it reaffirms the multifactorial nature of fetal tolerance (Thellin & Heinen 2003) during thermal stress. In the light of low level of cytokine expression in dams subjected to thermal stress during the blastogenesis-implantation phase one of the possibilities could be the generation of a negative feedback regulation of cytokine proinflammatory in nature and this feedback mechanism continues even during the embryogenesis/organogenesis phase of the gestation period. The other possibility could be the generation of anti-inflammatory components or cytokines like IL-10 following thermal stress on day 0 of the gestation period. A complex interaction between proinflammatory and inhibitory cytokines (IL-10) may lead to negative regulation of proinflammatory cytokines during the thermally stressed embryogenesis/organogenesis phase of gestation. This kind of negative regulation has been observed earlier in THP-1 cells (a human monocytic cell line) stimulated with Borrelia burgdorferi lipoproteins where the induced IL-10 inhibited the expression of proinflammatory cytokines (Giambartolomei et al. 2002) . Although we have not studied the level of IL-10 in the amniotic fluid of dams subjected to thermal stress in the present investigation, it would be interesting to investigate this aspect in future. Extreme ambient temperature during pregnancy has a decidual effect on fetal development. Both pre-and postimplantation mortality increased in mice exposed to either abnormally high temperature. In general low temperature is less detrimental to reproduction than high temperature. When pregnant rats were exposed to a temperature of 351C between 6 and 12 days of gestation they show marked fetal resorption (Hendrickx & Houston 1970) .
Laboratory Animals (2006) 40 TNF-a in prenatal alteration 177 Anti-TNF-a antibody administered in thermally stressed dams 10 mg/mice on day 6 p.c. and stressed on days 6-15 p.c. 9 8 6 7 . 6 5 mg/mice on day 6 p.c. and stressed on days 6-15 p.c. 6 5 8 6 . 3 0 mg/mice (sham control) stressed on days 6-15 p.c. 6 4 7 5 . 6 10 mg on day 0 p.c. and stressed on days 0-5 p.c. 11 7 9 9.0*** 10 mg on day 16 p.c. and stressed on days 16-20 11 10 9 10** One way analysis of variance was performed to find out significant differences in mean values of the parameters at different time points using SYSTAT 9.0 software after ascertaining the homogeneity of variance between the different groups. Post hoc analysis was done to compare pairwise the means of different exposure time periods using Dunnett's testing procedure (Zar 1984 ) *Significant in comparison to respective sham control group (Po0.001) **Significant (Po0.01) ***Significant (Po0.05)
Environmental Health Criteria also reported that in mice the comparable critical period are days 6-15, i.e. embryogenesis phase of the prenatal period (Environmental Health Criteria (EHC) 2001). One of the cellular responses mediated by TNF-a is suggested to be apoptotic cell death (Pampfer & Donnay 1999) , which is an important physiological determinant of embryonic development (Raff et al. 1994) . At the same time, the excessive apoptotic cell death in the embryo and extra embryonic tissues was repeatedly shown to be associated with both embryonic maldevelopment and loss (Brill et al. 1999 ). Thus, it may be reasonable to assume that alteration in TNF expression in the amniotic fluid may, at least partially, contribute to the effects on reproductive performance associated with thermal stress. Two-cell embryos thermally stressed at 411C for 1 or 2 h, delayed development to the blastocyst stage and therefore maternal heat stress may be more likely to cause mortality of embryos that are already compromised in development (Arechiga & Hansen 1998) . TNF-a has been reported to significantly reduce blastocyst rates, total blastocyte cells and inner cell mass and interestingly insulin like growth factors I and II, epidermal growth factor and stem cell factor improved the development of embryos exposed to TNF-a reflecting the protective action of these growth factors against the detrimental influence of TNF-a (Glabowski et al. 2005) . Therefore, thermal stress induced modulation of reproductive performances can be attributed to the apoptotic property of TNF-a and possibly a shift in the balance between the growth factors and TNF-a.
